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ORIGINAL ARTICLE
Behavioral thermoregulation is highly repeatable and unaffected 
by digestive status in Agama atra
Jenna Van BERKEL and Susana CLUSELLA-TRULLAS
Centre for Invasion Biology, Department of Botany and Zoology, Stellenbosch University, Matieland, South Africa
Abstract
The precision and the extent of behavioral thermoregulation are likely to provide fitness benefits to ectotherms. 
Yet the factors driving variation in selected or preferred body temperature (Tset) and its usefulness as a proxy for 
optimal physiological temperature (Topt) are still debated. Although Tset is often conserved among closely relat-
ed species, substantial variation at the individual, population and species level has also been reported. Howev-
er, the repeatability (calculated as the intra-class correlation coefficient) of Tset is generally low. One factor that 
influences Tset is feeding status, with fed reptiles typically showing higher Tset, a process thought to aid meal di-
gestion. Here, using experiments simulating realistic feeding and fasting regimes in Agama atra, a heliothermic 
lizard from southern Africa, we test if Tset and its repeatability under these 2 states significantly differ. Daily Tset 
ranged from 33.7 to 38.4 °C, with a mean (± SE) of 36.7 ± 0.1 °C for fed and 36.6 ± 0.1 °C for unfed individu-
als. Comparisons of repeatability showed that females tend to be more consistent in the selection of body tem-
perature than males, but not significantly so regardless of feeding status. We report some of the highest repeat-
ability estimates of Tset to date (full range: 0.229–0.642), and that the weak positive effects of feeding status on 
Tset did not increase its repeatability. In conclusion, one of the major prerequisites for natural selection, consis-
tent among-individual variation, is present, making the adaptive significance of Tset considerably more plausi-
ble. 
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INTRODUCTION
The temperature, or the range of temperatures, select-
ed by organisms in a laboratory thermal gradient (Tset), 
also referred to as the set-point or the preferred body 
temperature, represent the desired or target body tem-
peratures in the absence of ecological constraints (e.g. 
predation, competition, temperature stress; Licht et al. 
1966). The distribution of selected body temperatures 








































































































© 2018 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd
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than thermoregulatory) behavior is precluded from the 
frequency distribution (e.g. using quartiles rather than 
range). Substantial variation has been reported with-
in (e.g. among sexes, life-stages, reproductive and feed-
ing states; Patterson & Davies 1978; Rock et al. 2000; 
Brown & Griffin 2005; Smolinsky & Gvoždík 2009) 
and among species for this trait (Clusella-Trullas et al. 
2011), but reports of repeatable differences among indi-
viduals and factors that influence these responses has re-
ceived relatively little attention. 
On the one hand, the coadaptation hypothesis states 
that the Tset should be associated with the thermal op-
timum for physiological processes (Huey & Bennett 
1987; Angilletta 2002), and thus, that it has coevolved to 
match these temperatures and has adaptive significance 
(Angilletta et al. 2006; Angilletta 2009). Some empir-
ical data support this hypothesis in a variety of organ-
isms (lizards: Huey & Bennett 1987; insects: Forsman 
1999; fish: Khan & Herbert 2012). In addition, daily Tset 
data of diurnal lizards reflect circadian rhythms (lower 
Tset at the scotophase), suggesting that lizards limit ener-
getic expenditure during inactive periods or shift Tset in 
parallel to shifts in performance optima after acclima-
tion or as a response to nutritional or reproductive state 
(Le Galliard et al. 2003; Brown & Griffin 2005; Clusel-
la-Trullas & Chown 2014; Gilbert & Miles 2016). On 
the other hand, shifts in Tset are often in the opposite di-
rection to those expected from the coadaptation hypoth-
esis. For example, Tset changes in the opposite direction 
to acclimation regime, season or latitude, with lower Tset 
found at warmer temperatures regimes in some lizard 
and fish species (Fangue et al. 2009; Basson & Clusel-
la-Trullas 2015). These mismatches could reflect mul-
tiple mechanisms: compensatory behavior, a heat stress 
avoidance strategy (Martin & Huey 2008), compro-
mise to incorporate multiple and differing thermal opti-
ma or prioritization of particular functions over others 
(e.g. growth rate rather than nutrient assimilation; Mill-
er et al. 2009; Haupt et al. 2017), a response to labora-
tory-induced stress (Christian & Weavers 1996; Dohm 
2002) or a combination of these. Recently, the existence 
of a thermal behavior syndrome has also been proposed, 
with “hot” and “cold” type individuals presenting par-
ticular and consistent associations between behavior and 
thermal performance (Goulet et al. 2016, 2017). There-
fore, although Tset is generally thought to be conserved 
among closely related species (Brattstrom 1965; high 
phylogenetic signal: Clusella-Trullas et al. 2011), there 
is substantial variation within species, both inter-indi-
vidually and intra-individually (Artacho et al. 2013; 
Clusella-Trullas & Chown 2014; Cerqueira et al. 2016) 
and the evolutionary importance of this variation has 
been generally poorly explored (but see Paranjpe et al. 
2013; Artacho et al. 2015; Gilbert & Miles 2017). This 
is a particularly large caveat as such information is key 
to understanding species ecological and evolutionary re-
sponses to climate change (Cobben et al. 2012; Huey et 
al. 2012; Bestion et al. 2015).
For a trait to be under natural selection, there should 
be variation in the expression of that trait within the 
population. Selection should be stronger if there is con-
sistency in the expression of this trait and the individ-
ual level variation needs to be heritable for the trait to 
evolve (Endler 1986). Repeatability, expressed as the 
intra-class correlation coefficient, is a measure of the 
proportion of total variance (both between and with-
in individuals) in a trait that originates from differenc-
es between individuals (Lessels & Boag 1987). Repeat-
ability is closely associated with quantitative genetics: it 
encompasses both genetic and environmental variation, 
and can set the upper limit for heritability of quantitative 
traits (Lessels & Boag 1987; Falconer & Mackay 1997; 
but see Dohm 2002). Therefore, repeatability estimates 
will give a good preliminary indication as to whether 
Tset has the potential to respond to selection. There are, 
however, several conditions in which heritability may 
exceed the absolute value of repeatability (reviewed in 
Dohm 2002). Nonetheless, a meta-analysis by Dochter-
mann et al. (2014) found that the ratio between the her-
itability and repeatability of personality traits compiled 
from the literature averaged 52%, supporting the gener-
al view that repeatability caps heritability, the latter rep-
resenting additive genetic variation. Furthermore, their 
study supports the view that repeatability estimates can 
be used to draw at least preliminary evolutionary infer-
ences.
Despite the inherent benefit of estimating repeatabil-
ity, very few studies on Tset include these estimates, es-
pecially in light of the large number of Tset data across 
ectothermic organisms. For example, a compilation of 
Tset of snakes and lizards from the literature generated 
a dataset of 244 species (Clusella-Trullas et al. 2011), 
while a search for repeatability values of Tset produced 
<10 species (Table 1). The repeatability of Tset in squa-
mates tends to be low, although values vary consid-
erably (Table 1), suggesting that this trait may not be 
heritable at least for some species. Low repeatability 
may, however, result from high trait plasticity or con-
text dependencies (Dohm 2002), lack of an ecological-
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consistencies. A recent review of the literature on the 
repeatability of behavioral and performance traits in fish 
(Killen et al. 2016) highlighted that many traits may be 
sensitive to context-dependent expression. 
Systematic variation in repeatability estimates of Tset 
in lizards examined within various contexts has rare-
ly been explored (see Clusella-Trullas et al. [2007] for 
a comparison of field and laboratory acclimated condi-
tions). Therefore, we investigated whether the repeat-
ability of Tset varies depending on the nutritional status 
(recently fed versus not recently fed) in an agamid liz-
ard: a condition that is likely to occur naturally in the 
field. First, we hypothesized that Tset will be significant-
ly higher for lizards measured soon after being given a 
meal compared to lizards that fasted for 48 h prior to Tset 
measurements. Post-feeding thermophily in ectotherms 
is well established (Andrade et al. 2005) and corre-
sponds with the postprandial metabolic response (also 
known as specific dynamic action [SDA]), in which 
the metabolic rate increases after ingestion of a meal to 
reach a peak before slowly returning to pre-feeding lev-
els (McCue 2006; Secor 2009). In lizards, reported SDA 
Table 1 Repeatability estimates of selected body temperature (Tset) of lizards compiled from the literature 
Species Repeatability Parameter Interval Period
Lacerta vivipara1 0.60* Daily mean† 1 month 1 month
Lacerta vivipara1 0.37* Daily variance† 1 month 1 month
Lacerta vivipara2 0.43* (Cl: 0.19, 0.54) 30 min mean 2 weeks 2 weeks
Lacerta vivipara3 0.66* Daily mean 1 day 2 days
Cordylus cordylus4 0.36* (Cl: 0.17;0.72) 20 min‡ 1 day
Cordylus niger4 0.15* (Cl: 0.05;0.41) 20 min‡ 1 day
Cordylus polyzonus4 0.20* (Cl: 0.08;0.46) 20 min‡ 1 day
Cordylus oelofseni4 0.21* (Cl: 0.09; 0.50) 20 min‡ 1 day
Cordylus cordylus4 0.00 (Cl: 0.00;0.53) Daily mean‡ 1 day 3 days
Cordylus niger4 0.16 (Cl: 0.00;0.62) Daily mean‡ 1 day 3 days
Cordylus polyzonus4 0.11 (Cl: 0.00;0.55) Daily mean‡ 1 day 3 days
Cordylus oelofseni4 0.33 (Cl: 0.0; 0.73) Daily mean‡ 1 day 3 days
Cordylus cordylus4 0.00 (Cl: 0.00;0.45) 1st quartile‡ 1 day 3 days
Cordylus niger4 0.29 (Cl: 0.00;0.72) 1st quartile‡ 1 day 3 days
Cordylus polyzonus4 0.15 (Cl: 0.00;0.58) 1st quartile‡ 1 day 3 days
Cordylus oelofseni4 0.44* (Cl: 0.05; 0.79) 1st quartile‡ 1 day 3 days
Cordylus cordylus4 0.00 (Cl: 0.00;0.44) 3rd quartile‡ 1 day 3 days
Cordylus niger4 0.04 (Cl: 0.00;0.53) 3rd quartile‡ 1 day 3 days
Cordylus polyzonus4 0.00 (Cl: 0.00;0.31) 3rd quartile‡ 1 day 3 days
Cordylus oelofseni4 0.01 (Cl: 0.0; 0.52) 3rd quartile‡ 1 day 3 days
Ouroborus cataphractus5 0.24 (Cl: 0.07; 0.44), 0.33* (Cl: 0.17; 
0.51), 0.44* (Cl: 0.26; 062), 0.63* (Cl: 
0.45; 0.77)
Daily mean 1 day§ 13 days
* denotes significant repeatability (P < 0.05). Only repeatability values obtained from an intra-class correlation approach (ANOVA 
or LME) were included for consistency. Parameters indicate the type of statistic used and blank means that authors used time-series 
data rather than summary derived parameters. †Calculated from data collected every 30 min from 1030 to 1700 hours. ‡Data selected 
every 20 min from 1100 to 1800 hours for 3 days. §Data collected every 10 min for 14 days (estimates calculated for 2 seasons in 2 
different populations). 1Artacho et al. (2013); 2Bestion et al. (2015); 3Le Gaillard et al. (2003); 4Clusella-Trullas et al. (2007); 5Trut-
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peaks vary between 4 to 19 h after food consumption 
depending on meal type (i.e. gross composition of pro-
teins, carbohydrates and lipids) and meal size (McCue 
2006). Second, we hypothesized that the repeatability 
of Tset will be higher when Tset is examined under a met-
abolic challenge such as digestion. By selecting high-
er body temperatures after a meal (Huey 1982; Sievert 
1989; Sievert & Andreadis 1999; Gvoždík 2003; but 
see Wall & Shine 2008; Schuler et al. 2011), lizards 
can release that meal’s energy faster and reduce diges-
tion times, thus potentially increasing fitness (although 
nutrient assimilation does not always follow this pat-
tern, see Qu et al. [2011] and Coggan et al. [2011] in in-
sects). This second hypothesis is tested by estimating re-
peatability of Tset using high-resolution time-series data 
as well as parameters derived from the frequency distri-
bution of Tset. Given that more precise thermoregulation 
during digestion should increase net benefits of thermo-
regulation, we expect higher repeatability in the preci-
sion (coefficient of variation) of Tset when lizards are re-
cently fed than when fasted for 48 h.
MATERIALS AND METHODS
Study species and maintenance
The southern rock agama, Agama atra Daudin, 1802, 
is a widespread lizard occurring across most of south-
ern Africa (Alexander & Marais 2007). This species is 
heliothermic, oviparous, territorial, feeds on mostly in-
sects (Bruton 1977), and is sexually dimorphic. Males 
are territorial and generally larger and display more viv-
id colors than females. These lizards typically occupy 
rock outcrops occurring on sandy habitats, providing a 
spatially heterogeneous thermal environment. Tempera-
tures selected by A. atra lizards acclimated to 26.5 °C 
and placed in a photothermal gradient ranged between 
32 and 34.9 °C (Bruton 1977).
Twenty-eight individuals were captured on the Gif-
berg mountain (altitude: 609 m) in the Western Cape 
Province of South Africa in May 2016. The study sam-
ple consisted of 19 males (mean mass: 35.9 ± 1.5 g 
[range 21.9–49.7 g]; SVL: 98.4 ± 1.5 mm [84.8–106.8 
mm]) and 9 non-gravid females (mean mass: 24.6 ± 
1.2 g (range: 20.5–31.3 g); SVL: 88.5 ± 2.7 mm (77.3–
105.7 mm). Each lizard was housed in a glass terrari-
um with access to a small wooden crevice and a basking 
rock. Heat and light were provided by a 75-W basking 
lamp (Repti Zoo, China) positioned above the rock and 
a UVB fluorescent tube light (Repti Zoo, China). The 
range of temperatures available in the terrariums, the 
daily temperature cycle and the photoperiod (12 h:12 h) 
simulated natural conditions (Fig. S1). Lizards were fed 
a mixed diet of mealworms and crickets dusted with 
mineral supplement every second day.
Experimental set-up
Fourteen thermal gradients (1.2-m length × 0.3-m 
width × 0.6-m height) were created by placing them 
within a climate-controlled room set at 17.0 °C and a 
250-W infra-red bulb (at 50-cm height) at one end of the 
gradient. This configuration created quasi-linear gradi-
ents with operative temperatures (Te) of 18 to 49 °C (Fig. 
S2). Fluorescent bulbs across the room provided homo-
geneous light across the gradient. The ground was cov-
ered with sterile light gray sand as in field sites and wa-
ter was provided ad libitum in the center of the gradient. 
Lizards were placed in the gradients for 5 to 8 h in the 
week prior to experimental trials for habituation and the 
sand was raked and cleaned between each trial.
We modified high capacity Thermochron iButton log-
gers (DS1922L, 0.5 °C resolution, Maxim Integrated, 
San Jose, CA, USA) by removing their metal casing to 
reduce their weight (following Lovegrove 2009). Mod-
ified loggers were sprayed with several layers of liquid 
plastic to waterproof them and the top insulated with a 
layer of silicon. Modified iButtons were calibrated in 
a water bath set at 5 temperatures (5, 15, 25, 35 and 45 
°C, hourly) by recording temperatures from T-type ther-
mocouples and loggers simultaneously. Temperatures 
from the modified iButtons were slightly below thermo-
couple temperatures and a linear equation for each log-
ger was obtained to calibrate data. These modified de-
vices were placed on the anterior dorsal side of the 
lizard and secured using pharmaceutical elastic fabric 
tape. Pilot trials showed that the modified iButton data 
tracked cloacal body temperature fairly accurately (Fig. 
S3).
We assigned lizards to 2 experimental groups of 14 
individuals each and maintained the similar ratios of 
males and females in each group (10M:4F and 9M:5F). 
Within each group during any given preference trial, 
7 lizards were in the “fed” treatment and 7 in the “un-
fed” treatment. Lizards were not fed for 48 h prior to tri-
als and they were weighed the afternoon before the trial 
commenced. For “fed” trials, lizards received an amount 
of crickets equivalent to approximately 5% of their body 
mass (mean ± SD = 4.8% ± 0.9%) and allowed to eat 
for 30 to 45 min prior to mounting the modified iBut-
ton and starting the Tset measurements. The mass of the 
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the total ingested food mass. The lizards in the “unfed” 
group remained fasting until the end of the Tset trial. Liz-
ards in this group could still be digesting a meal ingest-
ed >48 h before the Tset trials commenced but by then, 
the peak SDA should have elapsed (McCue 2006). The 
body temperature was recorded at 1-min intervals from 
0900–1800 hours. At the end of the trial, iButton log-
gers were removed and lizards were returned to their 
terrariums. Each lizard underwent 8 trials in total with 
4 replicates per treatment and were allowed a 6-day rest 
period between each trial in which food was provided as 
described in the “maintenance” section. Treatments and 
groups alternated across time and at a given trial, “fed” 
and “unfed” lizards were measured simultaneously (7 
individuals in each group). We excluded 6 out of 224 
trials when lizards did not eat or loggers failed to re-
cord. 
Statistical analyses
All data were analyzed using R software (R Core 
Team 2014). All means are reported ± standard error 
(SE). From the original 1-min interval time-series data 
recorded by loggers, we extracted a single body tem-
perature at 5-min intervals because the finer resolution 
time-series data were highly autocorrelated (lag above 
5 min was >0.5, acf function in R). Mean daily Tset, 25th 
and 75th percentiles, minimum, maximum and coeffi-
cient of variation (as a measure of relative variability in 
the data) were calculated from body temperature data re-
corded from 1000–1800 hours. A mixed effects model 
(nlme package) was used to explore the effects of treat-
ment (fed, unfed), replicate number, sex, and body mass 
and their interactions on each of these response vari-
ables, with individual included as a random effect to in-
corporate repeated measures. To test for the significance 
of the random intercept and variance structures, models 
were estimated with REML and significance of the mod-
el’s fixed structure was determined with likelihood ra-
tio tests (ML) following Zuur et al. (2009). Model val-
idation was done by examining the model residuals 
and fitted values. Tset was also investigated by analyz-
ing the 5-min time-series data using the approach de-
scribed above and incorporating a temporal autocorrela-
tion structure (corAR1 function) in the models. The best 
model included “Time|Individual” as a random effect to 
fit a different intercept and slope per individual lizard.
We determined the repeatability of each parame-
ter of Tset (median, percentiles, minimum and maximum 
and coefficient of variation) using the 4 replicates per 
treatment and using time-series data recorded at 5-min 
and hourly intervals. Repeatability defined as the in-
tra-class correlation coefficient was obtained from linear 
mixed-effects models using the rptR package (Nakagawa 
& Schielzeth 2010). Significant differences in repeat-
ability estimates between treatments and sex were as-
sessed using uncertainty estimates: standard errors and 
confidence intervals obtained via parametric bootstrap-
ping methods (1000 permutations). For all models, al-
pha was set at 0.05.
RESULTS
Most frequency distributions of individual Tset were 
skewed but in no consistent direction, and, thus, we ana-
lyzed daily medians rather than means. Daily Tset ranged 
from 33.7 to 38.4 °C, with a mean of 36.7 ± 0.1 °C for 
fed and 36.6 ± 0.1 °C for unfed groups. Incorporat-
ing a random intercept for individuals drastically im-
proved models (delta AIC >20). On average, fed lizards 
selected marginally higher temperatures than unfed liz-
ards (t1,182 = −1.86, P = 0.06) and the relationship be-
tween Tset and body mass varied among replicates. By 
the 4th replicate, larger lizards selected higher daily me-
dian temperatures while this relationship with mass was 
not found in the first replicate (Mass × Replicate4 ef-
fect: t3,182 = 2.74, P < 0.01). These results were similar 
to those for the analysis of third quartile data; lizards fed 
prior to the trial selected higher temperatures than non-
fed lizards and the positive effect of mass was apparent 
in the 3rd and 4th replicate (Treatment (fed, unfed) ef-
fect: t1, 182 = −2.29, P = 0.02; Mass × Replicate 3&4: t3, 
182 = 2.8 & 2.1, P < 0.05 for both). First quartile data or 
the coefficient of variation did not differ between fed 
and unfed treatments (P = 0.1 and 0.2, respectively).  
The time-series analysis highlighted complex rela-
tionships between Treatment, Replicate and Time (Fig. 
S5; original 5-min data given in Figure S4). All 3 fac-
tors were important in the model but most notably the 
time course of Tset differed among Replicates (Time × 
Replicate interaction, ANOVA function: F3, 20852 = 9.35, 
P < 0.0001, Fig. S5) and Tset among replicates differed 
significantly between fed and unfed treatments (Treat-
ment × Replicate: F3, 20852 = 2.76, P = 0.04), albeit with 
small effect sizes (Fig. 1). 
The summary statistics for selected body tempera-
ture were significantly repeatable: the median, 25th and 
75th percentiles had the highest repeatability values, 
while the minimum temperature selected by fed indi-
viduals had the lowest repeatability (Table 2). Repeat-
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Figure 1 Temperature selected in the ther-
mal gradient in fed (dark orange) versus 
unfed treatment (white) lizards and for 4 
replicates per treatment. Boxplots indicate 
the median (middle horizontal line), first 
and third quartiles (illustrated by the box), 
1.5 × interquartile range (whiskers) and 
outliers (black dots) from 5-min interval 
temperature data. Original data are present-
ed. See the results section for outcomes of 
mixed effects models.





Median Fed 0.642 0.084 0.433 0.761 ***
Unfed 0.560 0.092 0.363 0.715 ***
25th percentile Fed 0.641 0.087 0.429 0.768 ***
Unfed 0.510 0.098 0.281 0.677 ***
75th percentile Fed 0.557 0.094 0.346 0.708 ***
Unfed 0.575 0.094 0.358 0.717 ***
Minimum Fed 0.252 0.100 0.048 0.443 *
Unfed 0.452 0.103 0.225 0.628 ***
Maximum Fed 0.389 0.102 0.169 0.567 ***
Unfed 0.400 0.104 0.179 0.576 ***
Coefficient of variation Fed 0.276 0.106 0.069 0.458 *
Unfed 0.417 0.105 0.189 0.600 ***
5-min data Fed 0.233 0.048 0.140 0.328 ***
Unfed 0.243 0.05 0.151 0.343 ***
1 hourly data Fed 0.229 0.05 0.124 0.325 ***
Unfed 0.251 0.056 0.139 0.358 ***
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nificant but notably lower than repeatability of daily 
summary statistics (Table 2). Lizards were equally con-
sistent in their temperature selection when fed and un-
fed and, contrary to our expectations, lizards were not 
more consistent in the precision of Tset (coefficient of 
variation) when processing food (Table 2). Females had 
consistently higher repeatability estimates for all param-
eters except for maximum values, although confidence 
limits overlapped between sex groups in all cases (Fig. 
2). Comparison of Tset repeatability between sexes with-
in treatment groups (fed and unfed) gave similar results, 
indicating that females tend to be more consistent in the 
selection of body temperature than males regardless of 
feeding status.
DISCUSSION
This study found that the repeatability of temperature 
selection in the lizard A. atra was significant and among 
the highest estimates found when compared with previ-
ous studies (Table 1). Repeatability higher than 0.5 indi-
cates that intra-individual variation comprises less than 
half of the overall phenotypic variation and that there is 
ample among-individual variation in Tset for selection to 
take place. High values of Tset repeatability in this spe-
cies are surprising because A. atra is an active behavior-
al thermoregulator that inhabits a highly heterogeneous 
thermal landscape. Its habitat is composed of a vari-
ety of different sized boulders that offer open and shel-
tered microsites within small distances, and lizards ex-
plore microsites among rocks, ground and vegetation. In 
such a heterogeneous environment, costs of thermoreg-
ulation are expected to be low (Huey & Slatkin 1976; 
Vickers et al. 2011; Sears & Angilletta 2015; Basson et 
al. 2017) and careful thermoregulation should be less 
essential than in a more challenging (less suitable) land-
scape. In the latter, the net benefits of thermoregulation 
can remain positive (e.g. survival) if coupled with high 
energetic costs, and several studies demonstrate that liz-
ards often opt to thermoregulate rather than thermocon-
form in poor quality environments (Herczeg et al. 2003; 
Vickers et al. 2011; Blouin-Demers & Nadeau 2005). 
By contrast, high spatial variability of the thermal envi-
ronment (such as the habitat of A. atra) and a species’ 
thermoregulatory behavior could dampen rather than 
promote selection of particular traits (Huey et al. 2003, 
2012; Buckley et al. 2015). Furthermore, behavior is 
typically assumed to be highly labile, at least more so 
than morphological and physiological traits (Bell et al. 
2009; Killen et al. 2016).
The consistent among-individual Tset variation found 
in this study may be due to particular characteristics of 
this species and could be more general for species with 
similar lifestyles and thermoregulatory behavior. A. atra 
Figure 2 Repeatability of temperature se-
lection for females (purple dots) and males 
(green triangles). Repeatability was esti-
mated by using 6 parameters calculated 
from 5-min interval temperature data: min-
imum (min), maximum (max), 1st and 3rd 
quartiles, median, and coefficient of varia-
tion. Vertical lines denote confidence lim-
its. All repeatability estimates were sta-
tistically significant (P < 0.001 for all). 
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has a well-developed social structure with dominant 
males (and sometimes females) that display elaborate 
aggressive behaviors (e.g. head and upper body bobs, 
and push-up displays) against conspecifics to defend ter-
ritories (Bruton 1977). Therefore, although the habitat is 
highly heterogeneous, the quality of particular territories 
among individuals may differ substantially, driving dif-
ferentiation of selected (and likely optimum) tempera-
tures for performance across individuals. However, sev-
eral mechanisms can lead to these phenotypes besides 
social structure and the thermal quality of territories. 
For example, additive genetic variation, dominant ge-
netic effects, and permanent environmental effects such 
as maternal effects or developmental (non-reversible) 
plasticity can also play a role (Dochtemann et al. 2014). 
Although this study cannot disentangle among these ef-
fects (and is limited without further knowledge of, for 
example, heritability and genetic constraints), it rein-
forces the need to increase the number of studies that 
examine links between social behavior, territory thermal 
quality and Tset, as well as the repeatability and heritabil-
ity of temperature selection in lizards. Including species 
with different social structures and degrees of territorial-
ity would allow further testing of this hypothesis. 
Lizards that were not fed for 2 days prior to the tri-
al were equally consistent in their temperature selection 
as those that were fed just prior to the trial. This finding 
contrasts with the view that intra-individual variation 
should decrease when animals experience an increased 
metabolic challenge or work nearer their maximum 
physiological capacity (Berteaux et al. 1996) or that in-
dividual consistency should vary with context or state 
(Killen et al. 2016; also see models of feedback loops 
shaping behavioral variation within and among individ-
uals; Sih et al. 2015). Although Tset of fed individuals 
was significantly higher than that of non-fed individuals, 
as might be expected from the literature on postprandi-
al thermophily (e.g. Huey 1982; Sievert & Andreadis 
1999; Gvoždík 2003; but see Schuler et al. 2011), the 
effect size was very low (approximately 0.15 °C). A re-
cent review of metabolic responses (specific dynamic 
action) in animals (McCue 2006) shows that the time to 
peak SDA is highly variable among reptile species and 
depends on many factors, such as the size and quality of 
the meal. Therefore, Tset might have diverged further be-
tween the fed and unfed treatments and become more 
precise (lower coefficient of variation) with an extended 
sampling period after feeding or with a prolonged fast-
ing treatment for unfed individuals. Alternatively, opti-
mum temperatures have converged for multiple perfor-
mances and lizards maintained Tset within a preferred 
narrow range.
Females, regardless of feeding status, had consis-
tently higher repeatability of temperature selection than 
males. This finding counters the idea that males, via an-
tagonistic display signals, which are likely to be ener-
getically costly but confer fitness benefits, should have 
increased repeatability of temperature selection. The 
reasons for higher repeatability of temperature selec-
tion in females are unknown without a more compre-
hensive knowledge of this species’ biology, including 
within-species variation in the female reproductive cy-
cle and energetic requirements. Nonetheless, these find-
ings could be indicative of an adaptive thermoregulatory 
strategy to ensure energy conservation for reproduction 
(van Wyk 1984). 
The repeatability of temperature selection and, in par-
ticular, that of the median and quartiles was generally 
higher than extremes (maximum and minimum values) 
and time-series data. These results suggest that an im-
portant component of the among-individual variation in 
thermoregulation is the central tendency, rather than the 
tail or variability around the mean of the frequency dis-
tribution. In addition, 5-min and hourly time-series data 
include variation that is diluted in summary statistics. 
Although most studies that examine the repeatability of 
temperature selection in the laboratory do so from daily 
means (Table 1), and, thus, are in line with our findings, 
this interesting result warrants further research in rela-
tion to the temporal scale of measurement that is biolog-
ically relevant, how temperature selection is modulated 
and how reptiles sense temperature gradients. Given the 
autocorrelative nature of movement data, the thermal 
dependence of motion and the potential influence of lin-
ear gradients on selected body temperatures (Barber & 
Crawford 1977; Dillon 2012), it would also be useful to 
assess and compare the repeatability of Tset using more 
complex thermal set-ups (e.g. circular gradients) and 
shuttle boxes (Bowker 1984; Cadena & Tattersall 2009; 
Basson et al. 2017).
In conclusion, consistent among-individual varia-
tion of Tset may be a more general feature of thermal bi-
ology as we are able to compile and compare more pop-
ulations and species. In particular, it will be important 
to include species with contrasting thermal constraints, 
physiological requirements and thermoregulatory be-
haviors (thermoregulator to thermoconformer). In addi-
tion, examining variation in Tset under different contexts 
and states will improve our knowledge of otherwise 
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natively, highlight constrained variation as, for example, 
individual × environment interactions erode trait varia-
tion. Therefore, examining intra-individual and inter-in-
dividual variation in thermal traits offers a first baseline 
from which to build upon and improve predictions of 
evolutionary responses to environmental change.
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SUPPLEMENTARY MATERIAL
Additional supporting information may be found in 
the online version of this article at the publisher’s web-
site.
Figure S1 Daily temperature cycle starting at 
0600 hours in terrariums where lizards were maintained 
prior to and in between thermal preference trials. 
Figure S2 Profile of lizard operative temperatures 
(Te) in the laboratory thermal gradient (boxes represent 
the median, 25th and 75th percentiles and whiskers are 
the minimum and maximum values).
Figure S3 Linear regression illustrating the relation-
ship between surface body temperature (modified iBut-
ton) and core body temperature (T-type thermocouple), 
y = 0.99x + 0.14; R2 = 0.90. 
Figure S4 Temperature selected at 5-min intervals 
for 28 lizards measured in the thermal gradient. Panel 
pairs (distributed in rows) represent the same individual 
with the fed treatment on the left and unfed treatment on 
the right. 
Figure S5 Scatterplots of temperature selected in the 
thermal gradient for each hour of trial (indicated by the 
orange bar on the top legend) and for 4 replicates per 
treatment (on the x-axis).
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